In the family of protein arginine methyltransferases (PRMTs) that predominantly generate either asymmetric or symmetric dimethylarginine (SDMA), PRMT7 is unique in producing solely monomethylarginine (MMA) products. The type of methylation on histones and other proteins dictates changes in gene expression, and numerous studies have linked altered profiles of methyl marks with disease phenotypes. Given the importance of specific inhibitor development, it is crucial to understand the mechanisms by which PRMT product specificity is conferred. We have focused our attention on active-site residues of PRMT7 from the protozoan Trypanosoma brucei. We have designed 26 single and double mutations in the active site, including residues in the Glu-Xaa 8 -Glu (double E) loop and the Met-Gln-Trp sequence of the canonical Thr-His-Trp (THW) loop known to interact with the methyl-accepting substrate arginine. Analysis of the reaction products by high resolution cation exchange chromatography combined with the knowledge of PRMT crystal structures suggests a model where the size of two distinct subregions in the active site determines PRMT7 product specificity.
Methylation of proteins is a major type of post-translational modification involved in the regulation of a variety of cellular processes mediated by protein-protein interactions, including splicing, transcription, translation, and signaling (1) (2) (3) . Recent studies have implicated arginine methylation in altering the metabolic landscape of the cell, linking it to cancer metastasis (4 -6) , DNA damage (7) , pluripotency (8) , and parasite infec-tion (9, 10) . Catalysis of arginine methylation on the terminal nitrogen atoms of the guanidine group is mediated by a family of enzymes designated as protein arginine methyltransferases (PRMTs). 3 Most of these enzymes harbor a conserved ϳ310-residue core that comprises the methyltransferase domain conserved in S-adenosylmethionine (AdoMet)-dependent methyltransferases and a ␤-barrel domain unique to the PRMT family. These enzymes can be further categorized based on which methylarginine product they catalyze as follows: type I PRMTs catalyze the production of -N G -monomethylarginine (MMA) and asymmetric -N G ,N G -dimethylarginine (ADMA); type II PRMTs catalyze the production of MMA and symmetric -N G ,NЈ Gdimethylarginine (SDMA); type III PRMTs catalyze the production of only MMA; and type IV PRMTs catalyze ␦-N G -monomethylarginine production (11) . Notably, most PRMTs fall under the first three types of PRMTs. Type IV enzymes have only been reported in yeast and plants, although the presence of free ␦-N G -monomethylarginine has been reported in human plasma in a recent proteomic study (12) .
ADMA and SDMA methyl marks on histones are recognized by different "reader" proteins and can lead to distinct downstream outcomes. For example, whether a particular arginine residue on histone tails is asymmetrically or symmetrically dimethylated can lead to gene repression or activation (13) (14) (15) (16) (17) . However, few studies have been conducted to determine the role of MMA marks (18) . It has been proposed that MMA marks are used mainly as precursors for dimethylation by the various type I and II PRMTs (17, 19) .
Given the biological significance of the type of methylated arginine derivative formed, it is important to understand how product specificity is determined in PRMTs. It has been suggested that small variations in the structure of the active site of these enzymes govern the methylation activity type (2, 3, 20 -23) . Although previous studies utilizing site-directed mutagenesis have given some support for this hypothesis, efforts to efficiently change the activity type of PRMTs have not yet been fruitful. Two such studies using moderately sensitive analytical techniques have been reported for PRMT1 (14) and PRMT5 (24), but they have not put forth a general model for the factors that guide product specificity for the three main types of PRMTs.
Using an approach where MMA, ADMA, and SDMA can be detected with sub-femtomole sensitivity, we have been able to demonstrate the transformation of PRMT7 from Trypanosoma brucei (TbPRMT7) from an enzyme that strictly produces MMA to one also forming ADMA by replacing a glutamate residue in the double E loop (Glu-181) with an aspartate residue ( Fig. 1) (25) . The double E loop is a conserved feature of PRMTs that has been shown to directly interact with the methyl-accepting arginine residue (2, 11) . TbPRMT7 had been initially characterized for a possible role in the transcriptional control of gene expression in this organism (26) . Here, we have focused on TbPRMT7 because it displays robust type III activity and has been amenable to structural analysis (25) (26) (27) . Within this work, we further examine the effects of key active-site residues on the enzymatic activity of TbPRMT7 through mutagenesis and highly sensitive amino acid analysis techniques to demonstrate the importance of the THW loop (MQW for TbPRMT7) ( Fig. 1 ) (2) . Complementary studies with PRMT9 from Homo sapiens, previously characterized as a type II enzyme (28, 29) , corroborate our PRMT7 results. Based on this evidence, we propose a structural model for how PRMTs can limit their activities to type I, type II, or type III methylation.
Results
TbPRMT7 Active-site Double Mutation, E181D/Q329A, Converts the Enzyme to an SDMA-producing PRMT-Given the ability of the double E loop E181D mutation of TbPRMT7 to alter the methylation type (25) , seven TbPRMT7 double mutants were generated with the E181D background to probe the effects of further increasing the size of the active site. Notably, the double mutant E172D/E181D was previously tested and found inactive ( Table 1 ) (25) . The additional substitutions in the six new double mutants included M75A, Q329A, Q329N, W330A, F71A, and I173G, each with the E181D mutation, based on their immediate vicinity to the sulfur atom of AdoHcy from which the methyl group of AdoMet is transferred to the arginine residue in protein and peptide substrates ( Fig. 1 ). Using [methyl-3 H]AdoMet as a cofactor, we analyzed the hydrolyzed products of arginine methylation with high resolution cation exchange chromatography. Two of these double mutants showed little or no activity toward either the H4(1-21) peptide, comprised of the acetylated 21 N-terminal residues of the human histone H4 protein (data not shown), or the acetylated H4(1-21) R3MMA peptide, -monomethylated at the third arginine ( Table 1 ). The H4(1-21) R3MMA peptide was used to enhance the detection of dimethylarginine derivatives by providing a substrate where a single methyla- 
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Helix ␣Y mutants tion reaction at the primary site of modification could result in dimethylation of the peptide. Strikingly, one of the double mutants, E181D/Q329A, produced SDMA when incubated with the H4(1-21) R3MMA peptide (Fig. 2, A and B) . The small amount of MMA produced in the reaction of the E181D/Q329A mutant with the H4(1-21) R3MMA peptide is most likely due to methylation of the secondary Arg-17 and Arg-19 sites on the histone peptide because the level of radioactivity here is higher than the level recorded for the enzyme alone ( Fig. 2B ). Importantly, although this enzyme contains the ADMA-producing mutation E181D (25) , as well as a Q329A mutation in the THW loop, no ADMA formation was detected. SDMA production catalyzed by the E181D/ Q329A mutant was confirmed by TLC analysis where the radioactive product co-migrated with the non-radioactive SDMA standard (Fig. 2C ). The wild-type TbPRMT7 does not produce any dimethylarginine products with either H4(1-21) or H4(1-21) R3MMA peptide (Fig. 3) . The single Q329A mutant shows no evidence of dimethylarginine formation ( Table 1) . TbPRMT7 E181D/Q329A Shows Higher Binding Affinity for the Monomethylated Histone H4 Peptide Than for the Unmethylated Peptide-Using isothermal titration calorimetry (ITC) with H4(1-21) and H4(1-21) R3MMA peptides, we previously demonstrated that the wild-type TbPRMT7 enzyme binds its substrate H4(1-21) with higher affinity than its monomethylated product, H4(1-21) R3MMA, whereas the ADMA-producing TbPRMT7 E181D mutant has markedly increased affinity for H4(1-21) R3MMA that even surpasses that for H4(1-21) (25) . Similarly, we measured the affinity of the SDMA-producing TbPRMT7 E181D/Q329A enzyme and FIGURE 1. Active site of T. brucei PRMT7. Residue Glu-181, highlighted in the black box, is the site of mutation (E181D) shared by the six double mutants in this study with their second mutated residue highlighted in a red box (W330A, Q329A, Q329N, F71A, M75A, and I173G). The double mutant E172D/ E181D was previously analyzed and Glu-172 is therefore not highlighted here (25) . The double E loop is shown in dark salmon, the THW loop in slate, the substrate arginine residue in yellow, and the AdoHcy cofactor, helix ␣Y, and adjacent residues of TbPRMT7 (Protein Data Bank code 4M38) in gray.
TbPRMT7 E181D/Q329A double mutant produces SDMA with the H4(1-21) R3MMA peptide. The specificity of this mutant was determined using cation exchange chromatography and TLC as described under "Experimental Procedures." TbPRMT7 E181D/Q329A (4.8 g of protein) was incubated with the H4(1-21) or H4(1-21) R3MMA peptide (10 M) and [methyl-3 H]AdoMet in a final volume of 60 l. A, TbPRMT7 E181D/Q329A double mutant with the H4(1-21) peptide. B, TbPRMT7 E181D/Q329A with the H4(1-21) R3MMA peptide. The red lines in A and B represent radioactivity of the E181D/Q329A mutant with the different substrates, and the green lines indicate radioactivity of the methylation reaction with no substrate. As noted previously (25) , radioactive methylarginine derivatives elute 1 min earlier than their non-radioactive counterparts due to the isotope effect (39, 40) . As given under "Experimental Procedures," 86 cpm correspond to 1 fmol of methyl groups. For the number of biological replicates, see Table 1 . C, representative TLC for hydrolysates of the reaction mixture and individual and mixed standards of ADMA, MMA, and SDMA. The lower portion shows the ninhydrin staining of the TLC plate; the upper portion shows the radioactivity corresponding to the TLC slices of the reaction mixture lane. Note: the ninhydrin standards on the TLC plate are the same as those shown in Fig. 4D of Ref. 25 where a different reaction mixture was chromatographed adjacent to the ADMA standard lane. The experiment is one of two biological replicates.
found that this mutant displays higher affinity for H4(1-21) R3MMA (K D ϭ 46.7 M) versus its unmethylated counterpart H4(1-21) (K D ϭ 80.6 M) ( Fig. 4) . Thus, the two mutant enzymes capable of dimethylation consistently favor binding of the bulkier H4(1-21) R3MMA peptide, which can be rationalized by providing a more spacious binding pocket, stabilizing the MMA substrate-enzyme interactions and enabling dimethylation.
Active-site Mutations Lead to Decreases in Type III PRMT7 Activity and Shifts in Recognition Site Specificity-Overall, we have reacted 26 single and double mutants of TbPRMT7 with the H4(1-21) R3MMA peptide to test whether activesite mutations could display changes in the methylation type when presented with a primed monomethylarginine (Table  1) . These mutations were generated based on their location in the active site of TbPRMT7, including residues in the double E loop, the AdoMet-binding motif, the THW loop, and an N-terminal extension (helix ␣Y). The majority of the active-site mutations result in decreases in enzyme activity. However, monomethylation is still observed, indicating that the modification of Arg-17 and Arg-19 on the substrate peptide is occurring, as Arg-3 is already methylated in this peptide. This finding suggests that there may be a change in recognition site specificity from glycine-arginine-rich regions to arginine residues in basic regions (26, 30) . Notably, the THW (MQW) loop mutant Q329H showed significant increases in MMA production. Most remarkably, the double mutant E181D/Q329A produced both MMA and SDMA, as described above.
Mutation in the THW Loop of Human PRMT9, a Type II PRMT, Shifts Product Specificity from SDMA toward MMA-The human PRMT9 has recently been characterized as a type II PRMT, joining PRMT5 as an enzyme that catalyzes SDMA production (28, 29) . This methyltransferase contains a Thr-Cys-Trp (TCW) sequence in place of the canonical Thr-His-Trp (THW) residues (28) . To further investigate the role of spatial restrictions conferred by key active-site residues, the cysteine residue was mutated to a bulkier histidine residue to mimic type I and type III PRMTs. These mutant and wild-type enzymes were reacted with a GST fusion of the splicing factor SF3B2, a known substrate of PRMT9 (28) . Comparison of wild-type and mutant activities reveals an impressive 8-fold increase in MMA production and almost complete elimination of SDMA production (Ͻ0.037%) ( Fig. 5) .
Rattus norvegicus PRMT1 M48F Mutant Enzyme Does Not Produce SDMA with Histone H4 Peptides-A previous study (24) reported a mutation in rat PRMT1 at Met-48, a residue conserved in the ␣Y helix of many PRMTs, to Phe. This change led to the apparent production of SDMA along with ADMA and MMA, the wild-type products of a type I PRMT, as determined by o-phthalaldehyde-derivatized reverse-phase liquid chromatography and LC-MS analysis. However, it appeared that the degree of dimethylarginine formation was quite different when analyzed by these two methods. In our studies with TbPRMT7, the homologous mutation, M75F, showed no change in PRMT7's type III activity with substrates, including RBP16 (25) and the H4(1-21) R3MMA peptide (Table 1) . To validate the PRMT1 mutant activity (24), we compared the product specificity of the wild-type human PRMT1 (Fig. 6A ) with the H4(1-21) and H4(1-21) R3MMA peptides to that of the rat PRMT1 M48F enzyme (Fig. 6B ). We chose these peptides because H4(1-21) has been shown to be a robust PRMT1 substrate (31, 32) . However, in contrast to the earlier work (24), we were unable to distinguish any difference in the product specificity of the wild-type human PRMT1 and the rat PRMT1 M48F mutant with the H4 peptide substrates using high resolution cation exchange chromatography (Fig. 6 ). With both enzymes, only MMA and ADMA were formed under conditions where we could detect SDMA at a level of less than 0.4% of the radioactivity in ADMA. Significantly, in the presence of an already methylated substrate such as H4(1-21) R3MMA, the rat PRMT1 M48F was still unable to produce any SDMA (Fig.   6B ). Additionally, there is MMA production above automethylation levels for wild-type human PRMT1 and rat PRMT1 M48F when given H4(1-21) R3MMA as a substrate. The MMA FIGURE 5. HsPRMT9 C431H mutant displays diminished SDMA and greatly increased MMA production with GST-SF3B2. A, amino acid analysis of methylated arginine derivatives produced by the wild-type human GST-PRMT9 (HsPRMT9) with substrate GST-SF3B2 as described under "Experimental Procedures." B, amino acid analysis of methylated arginine derivatives produced by the C431H mutant human GST-PRMT9 with substrate GST-SF3B2. In each case, the lower panels represent enlargement of the radioactivity in the upper panels to show low levels of methylation. As given under the "Experimental Procedures," 86 cpm correspond to 1 fmol of methyl groups. This experiment is one of two biological replicates. FIGURE 6. RnPRMT1 M48F mutant enzyme does not produce SDMA with histone H4 peptides. In vitro methylation and cation exchange chromatography were used as described under the "Experimental Procedures" to assess PRMT1 activity and product specificity with H4(1-21) (blue), H4(1-21) R3MMA (red), and the enzyme alone (green). Dashed black lines indicate elution profile of non-radioactive methylarginine species as measured by a ninhydrin assay (see "Experimental Procedures"). A, amino acid analysis of methylated arginine derivatives produced by human PRMT1 (HsPRMT1) . B, amino acid analysis of methylated arginine derivatives produced by rat PRMT1 (RnPRMT1) M48F mutant. In each case, the lower panels represent enlargement of the radioactivity in the upper panels to show low levels of methylation. As given under the "Experimental Procedures," 86 cpm correspond to 1 fmol of methyl groups. This experiment represents one of two biological replicates.
being produced with this peptide would be expected to occur at positions Arg-17 and Arg-19. These results indicate that the residue Met-48 may not be involved in mediating product specificity in mammalian PRMT1.
Discussion
Different methylarginine marks can be recognized by distinct reader proteins (17) and often behave as epigenetic switches, affecting the activation or silencing of certain genes (15, 16) . Given the significance of ADMA and SDMA marks, it has become increasingly important to understand how product specificity arises to generate these residues. Having previously demonstrated the conversion of TbPRMT7, a strictly MMAproducing type III enzyme, into a type I enzyme forming ADMA by mutation (25) , we now present another TbPRMT7 mutant that is capable of producing SDMA, exhibiting the product specificity of type II PRMTs (Fig. 2 ). Biochemical and mutational analyses of the enzyme's catalytic activity reveal that SDMA production occurs when it is presented with an already monomethylated substrate, demonstrating that this mutant of PRMT7, in contrast to the wild type, is able to recognize a monomethylated molecule as a substrate and carry out further methylation. In fact, the E181D/Q329A mutant enzyme binds H4(1-21) R3MMA with a higher affinity than the corresponding unmethylated peptide (Fig. 4) . This observation illustrates that although the activity of the E181D/Q329A mutant is low, it still behaves, on the catalytic level, as a type II PRMT.
We also examined a mammalian PRMT1 mutant enzyme that was previously reported to produce SDMA along with its wild-type products, ADMA and MMA (24) . We were unable to observe any symmetric dimethylation on histone H4 peptide substrates from this rat PRMT1 mutant enzyme (M48F) (Fig.  6 ). Coupled with our results from amino acid analysis of a homologous mutation in TbPRMT7 (M75F; Table 1 ) and its mutation to alanine (M75A; Table 1) (25), our work did not confirm any role of Met-48 in affecting PRMT1 product specificity in the mammalian enzyme. It should be noted that the H4 peptide substrates used in our study differ from the GGRGGF-GGRGGFGGRGGFG peptide used previously (24) . Additionally, immunoblot analysis revealed that the reverse mutation in the PRMT5 enzymes of humans and Caenorhabditis elegans, where the corresponding wild-type residue is a phenylalanine (F327M and F379M, respectively) caused asymmetric dimethylation of human histone H4 (14) . It would be interesting to examine these mutants with our more sensitive amino acid analysis techniques to determine any changes in product specificity more precisely.
Our previous mutagenesis results (25) , coupled with those discussed here, highlight the major features of the PRMT active site, which may control mono-and dimethylation specificity. Conceptually, the active site of PRMTs, defined by the double E loop, the THW loop, and the AdoMet/AdoHcy cofactor, can be divided into two subregions, one of which is located between the two glutamate residues of the double E loop and above the substrate arginine (subregion A), while subregion B is adjacent to the THW loop and the region underneath the substrate arginine as displayed in Fig. 7 . Our analysis reveals that the nature of these two subregions correlates well with, and therefore seems predictive of, product specificity in PRMTs. Specifically, type I PRMTs contain an open subregion A and a spatially restricted subregion B (Fig.  7A) . The nature of these subregions in type II active sites is reversed with respect to type I PRMTs, with an open subregion B and a restricted subregion A (Fig. 7B ). PRMT7's active site by contrast contains two restricted subregions, combining the restraining features of subregions A (type I) and B (type II) of the other two types of PRMTs (Fig. 7C) . These spatial restrictions may be the key for PRMT7 to only monomethylate its substrates, thus classifying it as a type III PRMT enzyme.
The E181D mutation of TbPRMT7 increases the space within subregion A of the active site by a single carbon-carbon bond where the substrate arginine is stabilized. The distance between the glutamates of the double E loop, however, is not the essential factor in SDMA production because the glutamates of human PRMT5, the major SDMA producer in the cell, are actually closer together than even those in TbPRMT7 (Fig. 7, B and C). The methylation type alteration can be largely attributed to the Q329A mutation, which, in combination with E181D, may result in the opening up of subregion B in the active site underneath the substrate arginine. It is important to note that the Q329A single mutant did not produce SDMA, suggesting that the THW loop may not be the sole contributor in determining type II methylation. Human PRMT5 has a serine residue in place of the corresponding glutamine residue in TbPRMT7 that is located at a greater distance (5.2 Å versus 3.0 Å; Fig. 8 ) from the substrate arginine than the glutamine of TbPRMT7 and is also pointed away from the active site ( Fig.  7) . In our TbPRMT7 E181D/Q329A construct, the glutamine to alanine substitution removes an acetamide moiety in subregion B. This active-site alteration now allows for methylated arginines to bind more favorably and is better suited to accommodate a methylated nitrogen atom near the THW loop, allowing the other terminal nitrogen atom (positioned near the double E loop) to become methylated. A specific role of the THW loop in determining PRMT product specificity was first suggested in two recent reviews from Thompson and co-workers (2, 20) .
In support of the importance of the THW loop in determining type II PRMT product specificity, the mutation of C431H in human PRMT9 shows a significant decrease in SDMA production relative to the wild-type enzyme (Fig. 5 ). Although no structure has been determined for this enzyme, the cysteine to histidine mutation introduces a bulkier moiety into the THW loop potentially contributing to further crowding in the active site, which in turn may prevent SDMA production. The concomitant marked increase in MMA production of the PRMT9 is consistent with a partially processive methylation mechanism, a characteristic of type I PRMTs (33) .
Structural alignments of known type I, II, and III PRMTs show that the geometries of the active sites are highly conserved within each PRMT type ( Fig. 9 and Table 2 ). Although our proposed model will benefit from further validation through structural studies of novel PRMTs and additional mutant enzymes, our results illustrate how small changes in the active site of PRMTs can markedly alter their catalytic specificity and thus aid in creating a spectrum of methylarginine species that may differentially mediate various biological pathways.
The emerging role of PRMTs in cancer (4, 5, 34, 35) has profoundly spurred the research into PRMT inhibitors (36) . One of the major issues in this field, however, has been the promiscuity of many PRMT inhibitors derived from small molecule library screening (37) . Approaches based on finding bisubstrate analogs that mimic the cofactor and the substrate arginine have the disadvantages of promiscuity and additionally, due to their highly charged nature, limited bioavailability precluding their administration as oral drugs (37) . In light of such obstacles in the development of small molecule inhibitors of PRMTs involved in various diseases, it is our hope that our model will facilitate the rational design of specific and potent PRMT inhibitors by providing detailed insight into the distinct active-site architectures of the three types of PRMTs.
Experimental Procedures
Peptide Substrates-Histone H4(1-21) (Ac-SGRGKGGK-GLGKGGAKRHRKV) and histone H4(1-21) R3MMA (Ac-SGR(me)GKGGKGLGKGGAKRHRKV) peptides were kind gifts from Heather Rust (The Scripps Research Institute, Jupiter, FL) and Paul Thompson (University of Massachusetts Medical School, Worcester, MA). Peptides used for ITC analysis were purchased from AnaSpec.
Protein Expression and Purification-TbPRMT7 wild-type and mutant enzymes were cloned, expressed, and purified as described previously (25) . GST-PRMT9 wild-type, GST-PRMT9 C431H mutant, and GST-SF3B2(401-550) fragment were expressed and purified as described previously (28) .
Human PRMT1 (HsPRMT1) was expressed from a pET28b(ϩ) vector with a short N-terminal His tag obtained from Dr. Paul Thompson (University of Massachusetts Medical School, Worcester, MA) (38) . Rat PRMT1 (RnPRMT1) M48F was expressed from a pET28b(ϩ) vector obtained from Dr. Joan Hevel (Utah State University, Logan, UT) (24) . Both constructs were expressed in Escherichia coli BL21(DE3) cells (Invitrogen) and grown in LB media con- taining kanamycin at 37°C to an OD 600 of ϳ0.6. Expression was induced with 1 mM isopropyl ␤-D-thiogalactoside (Gold-Bio) at 18°C for 16 h. The cells were then harvested by centrifugation at 5,000 ϫ g and 4°C. The harvested cells were lysed using an EmulsiFlex cell homogenizer (Avestin) in 50 mM HEPES (pH 8.0), 300 mM NaCl, 0.5 mM phenylmethylsulfonyl fluoride (Sigma), and complete EDTA-free protease inhibitor mixture (Pierce). Lysed cells were centrifuged at 15,000 rpm for 50 min at 4°C. The clarified lysate was loaded onto a 5-ml HisTrap HP Ni 2ϩ column (GE Healthcare). The column was washed with 10 column volumes of the lysis buffer, including 50 mM imidazole-HCl (pH 8.0), and the protein was eluted with a 50 -500 mM imidazole-HCl (pH 8.0) gradient. The eluted protein's purity was verified through SDS-PAGE analysis to be Ͼ95% (ϳ40.6 kDa). The protein was then dialyzed against a storage buffer containing 50 mM HEPES (pH 8.0), 1 mM DTT, and 15% glycerol (v/v).
Isothermal Titration Calorimetry-ITC measurements were performed at 15°C using a MicroCal auto-iTC200 calorimeter (MicroCal, LLC). Protein was incubated with 2-fold molar excess of AdoHcy for 1 h at room temperature. Protein and peptide samples were then extensively dialyzed against a buffer containing 20 mM HEPES (pH 7.5), 20 mM NaCl, and 0.5 mM tris(2-carboxyethyl)phosphine. 2 l of 1-4 mM peptide was injected into 0.2 ml of 0.1-0.4 mM protein in the chamber every 150 s. Baseline-corrected data were analyzed with ORIGIN software.
Amino Acid Analysis of Protein and Peptide Substrates-In vitro methylation assays and amino acid analysis using the TbPRMT7 wild-type and mutant enzymes were performed as described previously (25) in a buffer of 50 mM HEPES (pH 8.0), 10 mM NaCl, 1 mM DTT, and 5% glycerol in a final volume of 60 l. Assays and amino acid analysis using human PRMT9 were also carried out as described previously (28, 29) . For methylation assays with PRMT1, human and rat enzymes were used. The wild-type control was done with human PRMT1, and the mutant reactions were done with rat PRMT1 M48F. In both cases, 2.5 g of PRMT1 and either 50 M H4(1-21) or H4(1-21) R3MMA peptide were incubated at 37°C for 3 h in a mixture containing 0.7 M of S-adenosyl-L-[methyl-3 H]methionine ([methyl-3 H]AdoMet) (PerkinElmer Life Sciences; stock solution of 7 M (78.2 Ci/mmol) in 10 mM H 2 SO 4 /EtOH (9:1, v/v)), 50 mM HEPES (pH 8.0), 10 mM NaCl, 1 mM DTT, and 5% glycerol in a final volume of 60 l. Reactions were stopped, acid-hydrolyzed, and analyzed with cation exchange chromatography as described previously (25) . Given the specific radioactivity of the [methyl-3 H]-AdoMet of 78.2 Ci/mmol and a counting efficiency of 50%, 1 fmol of methyl groups corresponds to 86 cpm. 
